Introduction {#Sec1}
============

Gastric carcinoma (GC) is the fifth most common malignant tumour worldwide and frequently leads to death \[[@CR1], [@CR2]\]. Surgery is considered to be the only curative treatment, and there is no satisfactory treatment, including molecular-targeted therapy and immunotherapy, for patients with recurrent or unresectable GC \[[@CR3]--[@CR5]\]. Overall, there is a need to explore novel mechanisms of GC development to improve the prognosis of GC patients.

DNA double-strand breaks (DSBs) are a major threat to genomic integrity and cause chromosome breaks, deletions, and translocations in cancer cells \[[@CR6], [@CR7]\]. DSBs are repaired by the homologous recombination (HR) or non-homologous end joining (NHEJ) pathway \[[@CR7], [@CR8]\]. The MRE11/RAD50/NBS1 (MRN) complex plays a central role in most aspects of the cellular response to DSBs, including HR, NHEJ, telomere activity and DNA damage checkpoint activation \[[@CR9]--[@CR11]\]. As a core protein of the MRN repair complex, MRE11 may also be associated with the prognosis and development of human cancers. In addition, MRE11 protein expression was proved to be a predictive factor associated with survival following bladder cancer radiotherapy \[[@CR12]\]. Furthermore, a randomized clinical trial showed that MRE11 deficiency is associated with improved long-term disease-free survival and overall survival (OS) in a subset of stage III colon cancer patients \[[@CR13]\], and Yuan SS et al. showed that high MRE11 expression is associated with increased malignant behaviour in breast cancer \[[@CR14]\]. Nonetheless, it remains unclear whether MRE11 regulates the progression and development of GC.

Therefore, in this study, we assessed MRE11 expression in GC specimens and explored its association with clinicopathologic parameters and long-term OS and recurrence-free survival (RFS) in GC patients.

Methods {#Sec2}
=======

Patients {#Sec3}
--------

Surgically treated GC patients (*n* = 155) with confirmed pathology at the First Affiliated Hospital of Sun Yat-sen University (FAHSYSU) between 2004 and 2007 were randomly chosen. Follow-up was terminated by December 2017. For this study, we excluded patients who received chemotherapy or other treatment before sampling or were lost during follow-up. We reviewed the patients' clinicopathological characteristics, including gender, age, tumour size, tumour location, Bormann classification, and differentiation. We performed tumour staging for patients according to the 8th Edition of the American Joint Cancer Committee TNM classifications. Another 61 GC patients who had received surgical treatment in 2013 were randomly chosen for tissue microarray analysis.

Patient consent and ethical approval from the Institutional Review Board of FAHSYSU were obtained for this study.

Tissue microarrays {#Sec4}
------------------

We collected adjacent normal and GC tissues of 61 patients from the FAHSYSU Department of Pathology, and these tissues were assembled into tissue microarrays (Servicebio, Wuhan, China) for immunohistochemical (IHC) staining.

Immunohistochemical staining {#Sec5}
----------------------------

We obtained 155 paraffin-embedded GC specimens from the FAHSYSU Department of Pathology, and IHC staining of these specimens and the tissue microarrays were conducted as previously described \[[@CR15]\] using an anti-MRE11 antibody (1:200; Sigma-Aldrich, Darmstadt, Germany).

Evaluation of the IHC results was performed by two independent investigators who were blind to the specimens, and scoring was determined using a semi-quantitative method \[[@CR16]\]. Samples in which more than 10% of the tumour cells were stained were considered positive. The staining intensity was defined as follows: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). Negative and weak staining was considered to indicate low MRE11 expression, and moderate and strong staining was considered to indicate high MRE11 expression.

Bioinformatics analysis {#Sec6}
-----------------------

We downloaded RNA-Seq data for GC from The Cancer Genome Atlas (TCGA), GEO (GSE139911) and Oncomine databases. We analysed the prognostic role of MRE11 mRNA levels using the Kaplan-Meier plotter.

Statistical analysis {#Sec7}
--------------------

Statistical analyses were performed using SPSS 17.0 (IBM, NY, USA). The chi-square test was employed for numerical data. Survival curves were generated using the Kaplan-Meier estimator. Hazard ratios (HRs) and 95% confidence intervals (CIs) were computed from univariate and multivariate Cox proportional hazards regression models to examine associations between prognosis and clinicopathological characteristics. *P* values less than 0.05 were considered statistically significant.

Results {#Sec8}
=======

Overexpression of MRE11 mRNA in GC tissues {#Sec9}
------------------------------------------

Data from TCGA showed many genes to be up- or downregulated in GC samples relative to their expression in normal samples, with the MRE11 gene being significantly overexpressed in the former (Fig. [1](#Fig1){ref-type="fig"}a). Further analysis of unpaired GC and normal tissues from TCGA also indicated markedly upregulated expression of MRE11 mRNA in GC tissues (*P* \< 0.001; Fig. [1](#Fig1){ref-type="fig"}b). The same results were found for paired GC and normal tissues from the GEO cohort (*P* \< 0.01; Fig. [1](#Fig1){ref-type="fig"}c), and Oncomine cohort data were consistent (Table [1](#Tab1){ref-type="table"}). Taken together, these findings indicate that MRE11 mRNA expression was upregulated in GC tissues.Fig. 1High MRE11 expression in GC. **a** Analysis of TCGA data in a heat map. **b** MRE11 mRNA expression in unpaired GC and normal tissues from the TCGA database. **c** MRE11 mRNA expression in paired GC and normal tissues from the GEO databaseTable 1Oncomine analysis of MRE11 expression in GC (total of 5 GC cohorts)CohortSample (n)t TestFold change*P*D'Errico et al. \[[@CR17]\]Gastric Mixed Adenocarcinoma (4) vs Normal (31)6.1602.9533.34E-6Cho et al. \[[@CR18]\]Diffuse Gastric Adenocarcinoma (31) vs Normal (19)4.4191.3082.84E-5Gastric Mixed Adenocarcinoma (10) vs Normal (19)3.9691.3837.56E-4Gastric Adenocarcinoma (4) vs Normal (19)2.4011.3860.042Gastric Intestinal-Type Adenocarcinoma (20) vs Normal (19)2.3401.2000.013Wang et al. \[[@CR19]\]Gastric Cancer (3) vs Normal (12)2.9581.6680.003Cui et al. \[[@CR20]\]Gastric Cancer (80) vs Normal (80)1.8821.2830.031Deng et al. \[[@CR21]\]Gastric Intestinal Type Adenocarcinoma (44) vs Normal (17)2.5751.0220.007Diffuse Gastric Adenocarcinoma (13) vs Normal (17)2.1631.0110.018

Associations of MRE11 expression with clinical parameters in GC {#Sec10}
---------------------------------------------------------------

To evaluate the relationship between MRE11 expression and clinicopathological characteristics in GC, we performed IHC staining to detect MRE11 expression in 155 paraffin-embedded GC specimens. As shown in Fig. [2](#Fig2){ref-type="fig"}, the MRE11 protein was mainly distributed in the nucleus. MRE11 expression was further measured using tissue microarrays containing adjacent normal and GC tissues from 61 patients, and MRE11 protein expression was found to be significantly higher in GC tissues than in adjacent normal tissues (Fig. [2](#Fig2){ref-type="fig"}c). As shown in Fig. [2](#Fig2){ref-type="fig"}d, there were 28 cases (18.1%) with an IHC score of 0, 45 (29.0%) with an IHC score of 1, 49 (31.6%) with an IHC score of 2, and 33 (21.3%) with an IHC score of 3. IHC scores of 0 and 1 were defined as low MRE11 expression (47.1%, 73/155); IHC scores of 2 and 3 were defined as high MRE11 expression (52.9%, 82/155).Fig. 2MRE11 protein expression in GC tissues and adjacent normal tissues. **a** IHC staining of the MRE11 protein in GC tissues. **b** IHC staining of the MRE11 protein in adjacent normal tissues. **c** MRE11 protein expression was higher in GC specimens than in adjacent normal tissues, as indicated by IHC staining. **d** Percentage of patients with GC according to MRE11 protein expression as indicated by IHC scoring

The relationships between MRE11 expression and clinicopathological parameters are summarized in Table [2](#Tab2){ref-type="table"}. MRE11 overexpression in GC tissues was significantly related to lymph node metastasis (*P* \< 0.05), distant metastasis (*P* \< 0.05) and tumour-node-metastasis (TNM) stage (*P* \< 0.05).Table 2Associations of MRE11 expression with clinical parameters in GCCharacteristicNo.MRE11 Expressionχ^2^PLow(*N* = 73)High(*N* = 82)ValueValueAge59.84 ± 10.8756.92 ± 13.24\<60y7835430.3120.576≥60y773839GenderMan9948510.2120.645Female562531Tumour locationProximal3314192.5750.462Middle291712Distal582830More than 2351421Tumour size\< 5 cm6834340.4100.522≥5 cm873948Histologic typeAdenocarcinoma (NOS)13263691.8680.600Signet ring945Mucinous1266Undifferentiated202Bornmann classificationI8262.1070.550II341816III974552IV1688DifferentiationWell3211.5170.468Moderate351916Poor1175265Depth of invasionT1151054.1460.246T21385T3843648T4431924Lymph node metastasisN04526198.2690.041N1542529N223518N3331716Distant metastasisM012665615.4500.020M129821Tumour-Node-Metastasis stageI + II4930195.7400.017III + IV1064363CEA level (μg/L)\< 513564710.0410.840≥520911

High MRE11 expression predicted worse survival in GC {#Sec11}
----------------------------------------------------

To define the prognostic role of MRE11 expression in GC, we first analysed data using the Kaplan-Meier plotter. Patients with high levels of MRE11 mRNA had worse OS (Fig. [3](#Fig3){ref-type="fig"}a) and RFS (Fig. [3](#Fig3){ref-type="fig"}b) than those with low MRE11 levels. Next, the prognostic value of MRE11 protein expression in our cohort was assessed by Kaplan-Meier analysis. The follow-up period of the 155 GC patients ranged from 2 to 156 months, with a mean survival time of 62.56 ± 4.64 months. The mean survival times of patients with low and high MRE11 expression were 81.83 ± 7.06 and 45.37 ± 5.47 months, respectively. The combined 5-year OS rate was 36.6%; the 5-year OS rate was 54.1% in the low MRE11 expression group and 20.9% in the high MRE11 expression group. Our data indicated that high MRE11 expression was associated with worse OS (*P* \< 0.001, Fig. [3](#Fig3){ref-type="fig"}c) and RFS (*P* \< 0.001, Fig. [3](#Fig3){ref-type="fig"}d). Furthermore, we defined the prognostic value of MRE11 expression in early (TNM stages I and II) and advanced (TNM stages III and IV) GC, and the results showed that high MRE11 expression was associated with worse OS (*P* \< 0.05, Fig. [3](#Fig3){ref-type="fig"}e and g) and RFS (*P* \< 0.05, Fig. [3](#Fig3){ref-type="fig"}f and h) in both early and advanced disease.Fig. 3Patients with high MRE11 expression had a poor prognosis. **a** and **b** Kaplan-Meier Plotter OS and RFS curves for GC patient groups with low and high MRE11 mRNA levels. **c** and **d** OS and RFS of patients with high MRE11 overexpression were worse than those of patients with low MRE11 expression. **e** and **f** Patients with high MRE11 expression had worse OS and RFS than did those with low MRE11 expression in early GC (TNM stages I and II). **g** and **h** High MRE11 expression in GC tissues predicted worse OS and RFS in patients with advanced GC (TNM stages III and IV)

We also performed univariate and multivariate analyses to assess the ability of MRE11 expression to predict the prognosis of patients with GC. As shown in Table [3](#Tab3){ref-type="table"}, univariate analysis revealed that certain clinical variables were significantly associated with OS, with multivariate analysis demonstrating that MRE11 expression (*P* \< 0.01) was an independent predictor of OS in GC patients. In addition, MRE11 expression was an independent predictor of RFS (*P* \< 0.01) in GC patients (Table [4](#Tab4){ref-type="table"}). Taken together, our results indicate that MRE11 expression was an independent prognostic factor for the GC patients investigated and that MRE11 might serve as a molecular marker for GC prognosis.Table 3Cox proportional-hazard regression analysis for Overall SurvivalCharacteristicUnivariate analysisMultivariate analysis*P*-ValueHR95.0% CI for Exp(B)P-ValueHR95.0% CI for Exp(B)LowerUpperLowerUpperGender0.0161.5821.0892.3000.0291.5461.0452.286Age0.3250.8330.5801.198Tumour location0.4971.0640.8891.274Tumour size0.0011.8981.3032.763Histologic type0.3351.1740.8471.628Bornmann classification0.0081.4601.1031.932Differentiation0.0341.5501.0332.326Depth of invasion0.0001.7571.3822.235Lymph node metastasis0.0001.5211.2891.794Distant metastasis0.0003.5092.2675.429Tumour-Node-Metastasis stage0.0002.1341.6982.6810.0161.7351.1072.719CEA0.0191.8321.1043.040MRE11 expression0.0002.0691.4223.0120.0011.9001.2972.782Table 4Cox proportional-hazard regression analysis for Recurrence Free SurvivalCharacteristicUnivariate analysisMultivariate analysisP-ValueHR95.0% CI for Exp(B)P-ValueHR95.0% CI for Exp(B)LowerUpperLowerUpperGender0.0451.4971.0092.221Age0.4040.8500.5811.245Tumour location0.9010.9880.8201.191Tumour size0.0061.7351.1732.565Histologic type0.4641.1440.7981.641Bornmann classification0.0251.4021.0431.884Differentiation0.0361.5891.0302.452Depth of invasion0.0011.5261.1991.940Lymph node metastasis0.0011.3311.1161.586Distant metastasis0.0003.1081.9654.915Tumour-Node-Metastasis stage0.0001.9281.5272.4330.0051.9691.2323.147CEA0.0421.7441.0212.979MRE11 expression0.0002.2201.4893.3090.0012.0411.3583.068

Discussion {#Sec12}
==========

The results of this study show that MRE11 overexpression is significantly associated with poor prognosis and that MRE11 is a potential prognostic biomarker in patients with GC. First, by analysing TCGA, GEO and Oncomine data, we demonstrated that the MRE11 mRNA levels were significantly higher in GC tissues than in normal tissues. Second, using the Kaplan-Meier plotter, we found that patients with high MRE11 expression had poor OS and RFS. Third, we proved that MRE11 protein expression was significantly higher in GC tissues than in adjacent normal tissues, as based on tissue microarrays derived from 61 patients. Furthermore, IHC staining of tissues from 155 GC patients verified that MRE11 overexpression was associated with poor OS and RFS, a finding that is consistent with that of a previous study \[[@CR22]\]. Finally, multivariate Cox regression analysis demonstrated MRE11 expression to be an independent prognostic factor for OS and RFS in GC patients.

The MRE11 gene encodes a nuclear protein involved in HR, telomere length maintenance, and DSB repair, and the MRN complex is required for NHEJ \[[@CR6]--[@CR8], [@CR11]\]. Previous studies have reported that deficiency of the MRN complex may sensitize cancer cells to treatment with PARP inhibitors and might serve as a predictive biomarker for the efficacy of PARP inhibitor therapy \[[@CR23]--[@CR25]\]. MRE11 protein expression is also associated with the prognosis and development of human cancers, such as bladder cancer, colon cancer, and breast cancer \[[@CR12]--[@CR14]\]. Altan B et al. \[[@CR22]\] found that high expression of MRE11 is associated with poor OS in GC, and we further proved that MRE11 overexpression is associated with poor RFS and is an independent prognostic factor for OS and RFS in GC. Some studies have suggested that high expression of MRE11 in tumour cells enhances DSB repair, leading to increased local recurrence and reduced survival rates \[[@CR14], [@CR26]\].

The findings of this study also demonstrate that MRE11 overexpression is significantly related to lymph node metastasis, distant metastasis and TNM stage. However, we did not explore the molecular mechanism of MRE11 in GC, which is a limitation of this study. Previous studies have shown that MRE11 overexpression in breast cancer cells leads to cell proliferation by stimulating STAT3 signalling and enhances migration and invasion capabilities through activation of MMP-2 and MMP-9 \[[@CR14]\]. In addition, activation of the STAT3-MMP axis has been reported to promote cancer cell invasiveness and metastasis \[[@CR27]--[@CR29]\]. Based on these results, we can conclude that the STAT3-MMP axis may be involved in the molecular mechanism of MRE11 in GC. In future work, we will verify the role of this molecular pathway in GC. As tumour cells overexpressing MRE11 exhibit a poor response to radiotherapy and chemotherapy and MRE11 deficiency leads to inhibition of DSB repair and enhances radio- and chemosensitivity in tumour cells \[[@CR12], [@CR14], [@CR30]--[@CR32]\], MRE11 is a potential target for increasing radio- and chemosensitivity.

In conclusion, MRE11 overexpression is significantly associated with poor prognosis, and MRE11 may act as a prognostic biomarker in patients with GC. MRE11 may also serve as a target molecule for chemoradiotherapy.
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